The low thermal conductivity of piezoelectric perovskites is a challenge for high power transducer applications. We report first principles calculations of the thermal conductivity of ferroelectric PbTiO3 and the cubic nearly ferroelectric perovskite KTaO3. The calculated thermal conductivity of PbTiO3 is much lower than that of KTaO3 in accord with experiment. Analysis of the results shows that the reason for the low thermal conductivity of PbTiO3 is the presence of low frequency optical phonons associated with the polar modes. These are less dispersive in PbTiO3, leading to a large three phonon scattering phase space. These differences between the two materials are associated with the A-site driven ferroelectricity of PbTiO3 in contrast to the B-site driven near ferroelectricity of KTaO3. The results are discussed in the context of modification of the thermal conductivity of electroactive materials.
I. INTRODUCTION
The low thermal conductivity of piezoelectric oxides, such as Pb(Zr,Ti)O 3 (PZT) ceramics, limits the performance of high power transducers for applications such as sonar and ultrasonics. [1] [2] [3] [4] It is also a constraint on emerging applications such as pyroelectric energy harvesting. [5] While this can be mitigated by careful design of the transducers, it is desirable to develop understanding of the low thermal conductivity of these materials, perhaps leading to modifications that can improve the heat conduction. Common PZT ceramics have ultralow thermal conductivities of κ l ∼2 W/mK or less at ambient temperature, decreasing with temperature to the ferroelectric phase transition, and then increasing sharply above the ferroelectric transition, [6] implying an association between the ultralow thermal conductivity and the ferroelectricity. It is also important to note that newer high performance materials, such as Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 alloy (PMN-PT) and Pb(Zn 1/3 Nb 2/3 )O 3 -PbTiO 3 alloy (PZN-PT) piezocrystals have more strongly temperature dependent properties than PZT. This means that local heating may lead to strong changes in local dielectric and piezoelectric constants and resulting concentrations of electric field and mechanical stress potentially resulting in breakdown failure due to hotspots.
In other ferroelectric and near ferroelectric materials, particularly rocksalt structure chalcogenides, the interplay between polar transverse optical phonons and the longitudinal acoustic (LA) branch has been implicated in strongly lowering the thermal conductivity. [7] [8] [9] [10] [11] This is through a strong anharmonic coupling of the ferroelectric polar mode with the longitudinal acoustic mode, as seen directly in the very strong volume dependence of that mode, i.e. the high Grüneissen parameter. In addition, phase space considerations are important. [9] [10] [11] Similarly, in perovskite ABO 3 ferroelectrics, there is typically a very strong pressure dependence to the polar mode and associated phase transitions, [12] [13] [14] [15] indicating strong anharmonic coupling with longitudinal acoustic phonons near the zone center, where the LA modes are compression waves.
This raises the questions of whether it is possible to have high thermal conductivity in a high performance perovskite piezoelectric, and if so how that might be achieved. Specifically, if ferroelectricity or proximity to ferroelectricity is the origin of the low thermal conductivity, and also is essential to the piezoelectric performance, it could be that low thermal conductivity is unavoidable. On the other hand, the perovskite structure is considerably more complex than the rocksalt structure, and mechanisms for ferroelectricity in perovskites are similarly more complex, which may provide avenues for increasing thermal conductivity that are not available in the nearly ferroelectric rocksalt compounds.
Here we report detailed first principles thermal conductivity calculations using solution of the BoltzmannPeierls equation based on calculated three phonon anharmonic couplings for two prototypical materials with distinct behavior. These are PbTiO 3 , which is a high polarization ferroelectric that is the tetragonal end-member of the PZT solid solution, and KTaO 3 , which is a nearly ferroelectric perovskite with nearness to ferroelectricity coming from a different mechanism than in PbTiO 3 . Specifically, ferroelectricity is regarded as A-site (Pb) driven in PbTiO 3 but B-site (Ta) driven in the near ferroelectric KTaO 3 . [16] These two compounds have the advantages of representing different behaviors and having rather different experimental thermal conductivities, while retaining relatively simple five atom unit cells, which facilitates calculations and analysis. Additionally, there is high quality single crystal experimental thermal conductivity data available for these compounds. [17] We find that proximity to ferroelectric phase transitions is not the only factor in the thermal conductivity, but rather that the distinct phonon dispersions of A-site vs. B-site driven perovskites play a key role, suggesting possible avenues for improving the thermal conductivities. 
II. COMPUTATIONAL METHODS
We performed first principles calculations of κ l for perovskite KTaO 3 and PbTiO 3 in their ground state structures by iteratively solving the linearized BoltzmannPeierls transport equation of phonons with the Sheng-BTE package. [18] Properties of ferroelectrics are often highly sensitive to the lattice parameters. We used the experimental values of the ambient temperature lattice parameters, [19, 20] and also did calculations with fully relaxed lattice parameters. The internal atomic atomic positions were relaxed using total energy minimization. The experimental and calculated lattice parameters are a=3.9883Å, and a=3.9669Å, respectively, for KTaO 3 and a=3.904Å, c=4.1575Å, and a=3.865Å, c=4.036 A, respectively, for PbTiO 3 . The interatomic force constants (IFCs) were obtained from density functional theory (DFT) calculations with the projector augmented wave (PAW) method [21] , as implemented in the VASP code [22] . The 3p and 4s (K), 2p, 3d and 4s (Ti), 5p, 5d and 6s (Ta), 5d, 6s and 6p (Pb), 2s and 2p (O) electrons were treated explicitly as valence electrons. We used the local density approximation (LDA) for the exchangecorrelation functional.
The kinetic energy cutoffs for the plane-wave basis set were set to 520 eV. The k-point meshes with grid spacing of 2π×0.03Å −1 were used for electronic Brillouin zone integration. Structural optimizations were done with a tolerance on residual forces of 10 −4 eV/Å. The harmonic and third-order anharmonic IFCs were calculated by using the real-space supercell approach [18, 23] with a 3×3×3 k-point mesh defining the supercells. The longitudinal optical -transverse optical (LO-TO) phonon splitting is large in these compounds, and was included using the dielectric constant and Born effective charges calculated from linear response density functional perturbation theory as implemented in the VASP code. Phonon momenta q-meshes of 15×15×15 were used in solving the transport equation, which was sufficient to converge κ l to a very high accuracy with respect to this parameter. Our calculated thermal conductivity is shown in Fig.  1 along with comparison to experimental data in single crystals. [17] As seen, there is a very good agreement of the magnitude of the thermal conductivity with experiment, and in particular, the fact that KTaO 3 has a substantially higher thermal conductivity than PbTiO 3 is reproduced. The temperature dependence is, however, somewhat stronger in the calculated results than in experiment. One possible reason for this discrepancy may be that the low frequency phonons are temperature dependent in these materials, while we use the harmonic zero temperature frequencies in the calculations presented here. In any case, it is clear that the calculations do capture the large difference between PbTiO 3 and KTaO 3 , which we discuss below, starting with the phonons. The phonon dispersions and projected phonon densities of states of the two materials are given in Fig. 2 . Grüneissen parameters, γ are indicated on the dispersions. Table I gives a comparison between calculated low frequency phonons and available experimental data. [24] [25] [26] [27] Overall, we find very good agreement between our calculated phonon frequencies and experimental data. It should, however, be mentioned that the lowest mode at Γ in KTaO 3 is the soft mode, which is strongly temperature dependent; [28] for this mode, agreement with experiments done at 300 K is misleading; its frequency is overestimated in our calculations if one considers the temperature dependence.
III. RESULTS AND DISCUSSION
In any case, as seen in the phonon dispersions, the two materials are very different. KTaO 3 has a low frequency two fold degenerate transverse optic mode at the zone center, as expected. This mode has a sizable positive Grüneissen parameter, implying strong anharmonic coupling to the longitudinal acoustic mode. It is associated with B-site (Ta) off-centering in its octahedral cage, along with smaller A-site displacements. [29] This mode anti-crosses with the acoustic branches and remains low frequency in sheets around the Γ-X-M planes, i.e. the planes defined by k x =0, k y =0 or k z =0. These phonons are not, however, low frequency elsewhere in the Brillouin zone, as seen from the dispersions along Γ-R, X-R and M-R. This sheet like structure of the regions of the zone where the B-site off-centering phonons are low frequency corresponds to the chain-like displacements noted in early diffuse scattering experiments for the B-site driven ferroelectrics, KNbO 3 and BaTiO 3 . [30, 31] The phonons of PbTiO 3 are very different, characteristic of A-site driven materials, [16] and consistent with prior calculations and experiment. [32] [33] [34] There is a prominent low frequency peak in the phonon density of states with strong A-site (Pb) participation. This comes off-centering polar modes, which are associated with the ferroelectricity. These have primary Pb character, and smaller cooperative Ti displacements, as typical for Asite driven ferroelectrics. [16] Also, different from KTaO 3 there are additional low frequency modes at the zone corners, M, corresponding to rotation of the TiO 6 octahedra. These modes have sizable negative Grüneisen parameter, meaning that they soften with lattice compression, characteristic of tilt modes in titanate perovskites. [13, 35, 36] Note that at the zone center the polar modes associated with Pb off-centering also have negative Grüneisen parameter. This is because pressure suppresses ferroelectricity, which for the already ferroelectric perovskite PbTiO 3 means pressure moves the system towards the ferroelectric instability, and therefore softens the polar modes. Also, importantly, the Pb off-centering modes associated with ferroelectricity do not have the chain structure that is present in B-site driven perovskites. Instead they have low frequency throughout the Brillouin zone. These predominantly Pb modes underlie the low frequency peak in the phonon density of states. The key finding is that the main difference between the dynamics of PbTiO 3 and KNbO 3 is not in the anharmonicity, but is in the phonon dispersions. This is reflected in the scattering phase space. Fig. 3 shows the calculated three-phonon anharmonic absorption and emission phase space for the two compounds at the experimental lattice parameter. As seen, the scattering phase space is very much larger for PbTiO 3 than for KNbO 3 , including importantly the low frequency region below ∼5 THz that is important for heat conduction. This explains the very low thermal conductivity of PbTiO 3 relative to KTaO 3 . In particular, the fact that in perovskite structure, the A-site motions are less correlated than the B-site motions in B-site driven materials, leads to flat low frequency branches associated with the polar mode, extending throughout the Brillouin zone. This provides a large phase space for anharmonic phonon scattering and thus low thermal conductivity.
We now turn to the issue of proximity to the ferroelectric instability. Fig. 4 shows the scattering phase space for KTaO 3 for two different lattice parameters, while the inset shows the corresponding change in phonon dispersion. In KTaO 3 the volume expansion lowers the polar mode frequency bringing the material much closer to the ferroelectric instability. This is reflected in an increase in the scattering phase space at low frequency. However, the changes are modest compared to the large difference between PbTiO 3 and KTaO 3 .
The resulting reduction in calculated thermal conductivity at 300 K is from 15.3 W/mK to 11.1 W/mK, even though with the volume expansion the material is much closer to the ferroelectric instability as seen in the phonon dispersion. Thus, while proximity to ferroelectricity is important, it is not the main issue in the low thermal conductivity of PbTiO 3 , since the largest contribution to the scattering is not from the region of the zone very close to the Γ point.
IV. SUMMARY AND CONCLUSIONS
Thermal conductivity calculations show that the low thermal conductivity of PbTiO 3 in relation to KTaO 3 reflects the difference between A-site driven and B-site driven polar perovskite materials, and not the proximity to ferroelectricity. The implication is that it may be possible to find chemical modifications that maintain the electromechanical properties of piezoelectric perovskite ferroelectrics, while increasing the thermal conductivity. This understanding may also be of use in related materials classes, for example, in perovskite thermoelectrics related to SrTiO 3 , [37] where reduction of the thermal conductivity is desired, as is typically the case for thermoelectrics. [7, 38] One strategy suggested by the present results may be to find chemical ways of increasing the coupling between A-site and B-site displacements. The rationale is that it is the correlation between B-site displacements that provides the dispersion of the low frequency polar modes in perovskites, as in the chain-correlations of KNbO 3 . This correlation between B-site displacements is usually understood as a consequence of covalency between the B-site and O, resulting in over-and under-bonding of O ions if the displacements are not coherent. [39, 40] It will therefore be of interest to explore perovskite solid solutions based on A-site driven electroactive materials to find systems with enhanced coupling between A-site and B-site displacements and/or enhanced B-site -O covalency, to determine if thermal conductivity can be enhanced while retaining desirable piezoelectric properties. This may also lead to better control of thermal issues in applications and perhaps better control of breakdown issues in pieozocrystals.
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